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We studied the dynamic nuclear spin polarization of nitrogen in negatively charged nitrogen-
vacancy (NV) centers in diamond both experimentally and theoretically over a wide range of mag-
netic fields from 0 to 1100 G covering both the excited-state level anti-crossing and the ground-state
level anti-crossing magnetic field regions. Special attention was paid to the less studied ground-
state level anti-crossing region. The nuclear spin polarization was inferred from measurements of
the optically detected magnetic resonance signal. These measurements show that a very large (up to
96± 2%) nuclear spin polarization of nitrogen can be achieved over a very broad range of magnetic
field starting from around 400 G up to magnetic field values substantially exceeding the ground-state
level anti-crossing at 1024 G. We measured the influence of angular deviations of the magnetic field
from the NV axis on the nuclear spin polarization efficiency and found that, in the vicinity of the
ground-state level anti-crossing, the nuclear spin polarization is more sensitive to this angle than in
the vicinity of the excited-state level anti-crossing. Indeed, an angle as small as a tenth of a degree
of arc can destroy almost completely the spin polarization of a nitrogen nucleus. In addition, we
investigated theoretically the influence of strain and optical excitation power on the nuclear spin
polarization.
PACS numbers: 76.30.Mi,76.70.Hb,75.10.Dg
I. INTRODUCTION
Nitrogen-vacancy (NV) centers in diamonds, which
consist of a vacancy in the diamond lattice adjacent to a
substitutional nitrogen atom, exhibit many characteris-
tics that make them suitable for quantum metrology and
quantum information applications [1–3]. In particular,
NV centers have triplet ground and excited states, which
undergo Zeeman splitting in a magnetic field and exhibit
de-excitation dynamics that allow the ground state to be
polarized to the spin-zero state through optical pump-
ing. Furthermore, the electron spin can remain polarized
for times that are long enough [4], which allows to mea-
sure, for example, the local magnetic field [5–9]. How-
ever, these measurements become significantly more sen-
sitive if the electron spin polarization can be transferred
to the even longer-lived nuclear spin polarization. The
transfer of the optically created polarization of the elec-
tron spin of the NV center to a nearby nuclear spin, such
as the nuclear spin of the NV center’s nitrogen atom, is
called dynamic nuclear polarization (DNP). For example,
DNP in diamond crystals was suggested as an alternative
method to achieve very high nuclear spin polarization at
moderate magnetic field values and room temperature
in order to enhance nuclear magnetic resonance (NMR)
signals [10], which has already been demonstrated using
NV centers as probes [11, 12]. One approach is to en-
hance the polarization of the nuclear spins of 13C in the
vicinity of the NV centers [13]. Even more useful would
be the ability to achieve DNP in nuclei on the surface
of the diamond or in analytes on the surface [14]. Using
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NV centers as nuclear magnetic resonance probes [15, 16]
would open up new perspectives reaching down to the cel-
lular or even molecular scale for NMR, which is one of
the workhorse techniques of analytical chemistry. Bet-
ter understanding of the mechanisms involved in DNP
could be also helpful in other applications, such as spin
preparation for quantum computing.
DNP has been applied successfully to the nitrogen
atom of an NV center in the vicinity of the excited-state
level anticrossing (ESLAC) around 512 G for single 14N
and 15N spins [17, 18], ensembles of 14N spins, and even
for proximal 13C spins [19, 20]. The hyperfine interaction
in the magnetic field near the electron-spin anticrossing
points creates hyperfine states that can couple the spin
from the electron to a nucleus or from one nucleus to
another. Experimental signals that measure nuclear spin
polarization have been described successfully with mod-
els based on rate equations [17] or the Liouville equation
for the density matrix, combined with the Lindblad oper-
ator [21], which can describe transitions between the dif-
ferent spin projection states [18–20]. Another level anti-
crossing case, namely the ground-state level anticrossing
(GSLAC), occurs at 1024 G. Models developed in [18]
have predicted that, in the case of 15N, the nuclear spin
polarization should fall as the magnetic field is increased
from the ESLAC to the GSLAC, with a narrower peak
at the GSLAC. Nuclear spin polarization at the ESLAC
has been shown to be very sensitive to any angular devi-
ations of the magnetic field from the NV axis [17], which
is important to take into account in any practical appli-
cations. The magnetic field angular deviation influence
on nuclear spin polarization has not been studied before
at the GSLAC magnetic field region.
The purpose of the current work is to measure DNP
of 14N over a wide range of magnetic field values that
includes both the ESLAC and GSLAC, and to compare
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2the measurements with calculations based on a theoret-
ical model. We measured optically detected magnetic
resonance (ODMR) signals over the magnetic field range
of 0–1100 G and from these signals calculated the nu-
clear polarization. As a result, we could infer information
about hyperfine transitions. We used an experimental
setup similar to our previous works [22, 23] with an im-
proved resolution that allowed us in most cases to resolve
individual hyperfine components. We calculated the ex-
pected positions of the hyperfine transition peaks at a
fixed magnetic field. Then we fitted the experimentally
measured and sometimes only partially resolved ODMR
spectra with Lorentz-shaped contours, and so obtained
the relative populations of the basis states. This fitting
procedure allowed us to determine the DNP of 14N in NV
centers following a similar procedure as in our previous
study [22].
We performed numerical calculations of DNP around
the ESLAC and GSLAC using a model based on the Li-
ouville equations for the density matrix with a Lindblad
operator. We examined theoretically as well as experi-
mentally the dependence of DNP and consequently the
dependence of the measured ODMR signals on the pos-
sible small misalignment of the external magnetic field
along the axis of NV center. The results show that the
polarization right at the GSLAC is even more sensitive
to the magnetic field alignment than it is in the case of
the ESLAC [17]. In fact, a change in the angle between
the magnetic field direction and the axis of the NV center
as small as 0.1◦ can transform a DNP enhancement into
a complete depolarization. Transverse strain [24–28] in a
diamond crystal can also cause nuclear spin depolariza-
tion at the GSLAC.
II. METHOD
The NV center’s ground and excited states are triplet
states [Fig. 1(a)] with an electronic spin S = 1 that in-
teracts with the nuclear spin I = 1 of the substitutional
14N. At room temperature the NV-center system can be
described by the same form of the Hamiltonian for both
the ground and the excited states [29]. The ground state
Hamiltonian in the presence of an external magnetic field
B can be written as:
Hˆg = DgSˆ
2
z + γeB · Sˆ+QIˆ2z + Sˆ · A¯g · Iˆ− γ14NB · Iˆ
+Ngx
(
SˆxSˆz + SˆzSˆx
)
,
(1)
where Sˆ, Sˆz and Iˆ, Iˆz are the electronic and nuclear
spin and their z-projection operators. The first term
describes the zero-field splitting of the electron-spin sub-
levels mS = 0 and mS = ±1 by Dg = 2.87 GHz [29]. The
second term is the electronic spin interaction with the
magnetic field vector B = (B sin θ, 0, B cos θ), where
θ is the angle between magnetic field direction and the
NV center’s principal axis, γe = 2.8025 MHz/G is the
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FIG. 1: Left: (a) the NV center’s energy-level structure.
Right: The nuclear spin polarization process at the (b) ES-
LAC and (c) GSLAC. Dashed lines indicate nonradiative
transitions and straight lines represent the optical transition,
which conserve nuclear spin.
gyromagnetic ratio of the spin of the NV center. The
third term is the quadrupole splitting of the 14N nu-
cleus, Q = −4.96 MHz. The fourth term is the hy-
perfine interaction of the electron spin and the nuclear
spin of the NV center, where A¯g is the ground-state
hyperfine interaction tensor. The fifth term of Eq. (1)
describes the nuclear-spin interaction with the magnetic
field (γ14N = 0.3077 kHz/G is the gyromagnetic ratio of
the 14N nuclear spin) [15]. The influence of the strain
is included in the last term of the Hamiltonian, where
Ngx is the ground-state transverse strain component that
couples the Sˆx and Sˆz projections of the electronic spin
operator [26, 27]. At the GSLAC, where the strain influ-
ence is investigated, the ground-state sublevels mS = 0
and mS = −1 are close enough to be influenced by the
strain coupling term Ngx . We neglect other strain cou-
pling terms in this work, because at the GSLAC other
levels are too far from each other to be influenced by
strain coupling.
The hyperfine interaction of the 14N nuclear spin with
the electron-spin angular momentum of the NV center
can be written in the form
Hˆghfs = Sˆ · A¯g · Iˆ = Ag‖IˆzSˆz +Ag⊥
(
SˆxIˆx + Sˆy Iˆy
)
, (2)
where the hyperfine-interaction parameters are Ag‖ =
−2.16 MHz and Ag⊥ = −2.70 MHz [30, 31].
The excited-state Hamiltonian He has the same
form as Eq. (1), with a zero-field splitting of De =
1.42 GHz [29]. The excited-state hyperfine interaction
Hamiltonian Hˆehfs is similar to Eq. (2), but with a hy-
perfine interaction tensor A¯e with A
e
‖ = −40 MHz and
Ae⊥ = −23 MHz [20].
At a magnetic field value that corresponds to the level
anticrossing (at ≈ 512 G in the excited state and ≈
1024 G in the ground state), the magnetic sublevels with
3mS = −1 approach the magnetic sublevels with mS = 0,
and through the hyperfine interaction the state |mS =
0,mI = 0〉 mixes with |mS = −1,mI = +1〉, and the
state |mS = 0,mI = −1〉 mixes with |mS = −1,mI = 0〉.
The mixing of the states as well as the continuous cycle
of excitation and nonradiative decay polarize the nuclear
spin into the unmixed |mS = 0,mI = 1〉 state [Fig. 1(b)].
The details of the polarization process at the ESLAC and
GSLAC are similar and are shown in Fig. 1(b) and (c).
Let us look in more detail into the nuclear spin polariza-
tion process in the case of the ground state. If at first we
neglect the nuclear spin of 14N and examine Fig. 1(a),
we can explain how the NV center is polarized by be-
ing pumped into the ground-state electron-spin magnetic
sublevel mS = 0. After light absorption and rapid re-
laxation in the phonon band, the excited-state magnetic
sublevels either can decay back to the ground state with
equal rates Γ0 and radiate light with a wavelength in the
red part of the electromagnetic spectrum or undergo non-
radiative transitions to the singlet state 1A1 [Fig. 1(a)].
The nonradiative transition rate from the excited-state
3E sublevels mS = ±1 to the singlet state 1A1 is sev-
eral times higher than from the excited state mS = 0 to
the singlet state. In addition, the nonradiative transition
rate from the singlet 1E state to the triplet ground-state
3A2 sublevel mS = 0 is slightly larger than to ground-
state 3A2 sublevels mS = ±1 [20, 32]. The differences
between the nonradiative transition rates imply that af-
ter several excitation-relaxation cycles the population of
the NV center’s triplet ground state will be transferred
to the ground-state magnetic sublevel mS = 0, and the
electron spin angular momentum will be polarized [29].
If we now consider the nuclear spin I as well, we see
that the optical electron-spin polarization process pop-
ulates three hyperfine states |mS = 0,mI = 0,±1〉 and
depletes three states |mS = −1,mI = 0,±1〉. But at the
ESLAC and GSLAC, the states |mS = 0,mI = 0,−1〉
are mixed with their counterparts from the mS = −1
manifold. For this mixing to occur the sum of the elec-
tron and nuclear angular momentum projections for the
mixing partners must be equal [33]. As can be seen in
Fig. 1(c), from the mS = 0 manifold only the hyperfine
level |mS = 0,mI+1〉 remains unmixed and consequently
preserves its population. Therefore, it is the level mixing
in the vicinity of the GSLAC that allows the nuclear spin
of 14N to be polarized into the mI = +1 state.
As the ground-state hyperfine interaction is much
weaker than the excited-state hyperfine interaction [20,
30, 31], the polarization of the |mS = 0,mI = 1〉 state
at the GSLAC is expected to be influenced more by ex-
ternal processes, such as a transverse magnetic field Bx
(slight misalignment of the magnetic field from NV-axis)
or strain in the diamond crystal.
III. NUMERICAL MODEL
To calculate the nuclear spin polarization over a wide
range of magnetic field values, we used a numerical model
that takes into account the ground state 3A2 and the
excited state 3E with the nuclear spin I = 1 of the 14N.
The system is described using a density operator ρ that
accounts for 21 states: 9 in the ground state, 9 in the
excited state, and 3 the in singlet state. Thus, in the
decay channel from the excited triplet state 3E to the
ground triplet state 3A2 via the two singlet states
1A1
and 1E in a cascade-type transition, two singlet states
are substituted in the model by one singlet state with
three nuclear spin components.
The nuclear spin polarization is calculated from a
steady-state solution of the Lindblad equation [21]:
∂ρ
∂t
= − i
~
[
Hˆ, ρ
]
+ Lˆρ = 0, (3)
where Hˆ is the Hamiltonian of the ground and excited
states, Eq. (1), and Lˆ is the Lindblad superoperator [34],
which is used to describe the depopulation and decoher-
ence processes of the NV center electron spin and 14N
nuclear spin:
Lˆρ =
∑
k
Γˆk
(
LkρL
†
k −
1
2
{
L†kLk, ρ
})
. (4)
In this equation Γˆk are the decay rates associated with
the relaxation processes, and the operators Lk describe
the depopulation and dephasing or decay of the diag-
onal and off-diagonal elements of the density matrix ρ
(processes characterized by time constants T1 and T2).
The operator Lk = |i〉〈j| corresponds to transitions be-
tween states |i〉 and |j〉, which describe the depopulation.
Transitions described by this operator include the tran-
sition between the triplet ground and excited states (flu-
orescence rate Γ and pumping rate Γp), the intersystem
crossing (non-radiative transition) between the triplet ex-
cited states and the singlet states γe0 and γ
e
±1 as well as
from the singlet states to the triplet ground states γg0
and γg±1. This operator also describes T1-related pro-
cesses for electronic and nuclear spin (population trans-
fer between magnetic sublevels in the ground and excited
states). The operator Lk = |i〉〈i| − |j〉〈j| corresponds to
the decoherence of the states |i〉 and |j〉. This operator
describes T2-related processes in the ground and excited
states for electronic and nuclear spin. The pumping rate
Γp is included in the Lindblad operator as a transition
rate between the ground and excited states. The pump-
ing rate was set to Γp = 5 MHz for all of the theoretical
calculations, except for the power dependence.
In the calculations we used the values for the tran-
sition rates given in [32, 35] and for the longitudinal
and transverse relaxation time constants T1 and T2 given
in [36, 37], which are typical for the type of sample used
in the experiment (see Table I). The electron-spin polar-
ization depends on the nonradiative transitions rates (the
4Transition Rate
Spin conserving transitions Γ 66 MHz
Intersystem crossing γe±1/γ
e
0 20
Intersystem crossing γg0/γ
g
±1 1
Ground state T1, NV electron spin 10 ms
Ground state T2, NV electron spin 100 µs
Ground state T1,
14N nuclear spin 10 s
Ground state T2,
14N nuclear spin 10 µs
Excited state T1, NV electron spin 1 ms
Excited state T2, NV electron spin 10 ns
Excited state T1,
14N nuclear spin 100 ms
Excited state T2,
14N nuclear spin 1 ms
TABLE I: Transition rates and time constants used in the
calculation.
ratio of the rates) to and from the singlet state, which
characterize the population transfer from ms = ±1 to
ms = 0 and from ms = 0 to ms = ±1. In the model we
set the ratio of the transition rates from the singlet state
to the triplet ground state ms = 0 and from the singlet
state to the triplet ground state ms = ±1 to γg0/γg±1 = 1,
and adjusted the ratio of the transition rates from the
excited state ms = ±1 to the singlet state and from the
excited statems = 0 to the singlet state to match the typ-
ical electronic spin polarization that has been observed
in experiments [38]; it is set to γe±1/γ
e
0 = 20, which is
close to a value used in [19].
From the steady state solution of the density matrix,
we calculated the nuclear spin polarization as
Pth =
ρ01 − ρ0−1
ρ01 + ρ00 + ρ0−1
, (5)
where ρmSmI = 〈mS ,mI |ρSS |mS ,mI〉 is the population
of the ground-state basis state |mS ,mI〉.
IV. EXPERIMENTAL SETUP
We measured ODMR signals from ensembles of NV
centers in a diamond sample at room temperature
(around 20 ◦C). The sample used in the experiment was
a diamond crystal obtained through chemical vapor de-
position (CVD) with a (100) surface cut. The diamond
sample had been created with a nitrogen 14N concentra-
tion of about 5–20 ppm. The crystal had been irradiated
with electrons (3 · 1017cm−2 e− irradiation dosage at 2
MeV) and annealed afterwards in a two-step process, first
at 800 ◦C and then 1100 ◦C, creating NV centers in the
bulk of the diamond.
Fig. 2 shows the experimental setup used for the
ODMR measurements. The experimental device con-
sisted of a 3-axis adjustable nonmagnetic sample holder
(custom-made by STANDA) and two focusing aspheric
condenser lenses for delivering (Thorlabs ACL12708U)
and collecting (Thorlabs ACL25416U) the light to and
from the diamond sample.
FIG. 2: Experimental setup. The top of the image shows the
overall experimental scheme. The bottom of the image shows
a zoomed-in, detailed scheme of the sample holder and the
microwave wire.
The nonmagnetic sample holder was attached to an
aluminum rail, which was placed inside an electromagnet
made of two iron poles 19 cm in diameter with a length
of 13 cm each and separated by a 5.5 cm air gap. Based
on numerical modeling, we estimated that the magnetic
field created by this electromagnet had an inhomogene-
ity of about 2 · 10−3 G at 1000 G in a volume of about
2× 2× 0.1 mm3. The step size of the experimental mag-
netic field was determined by limitations of the power
supply that was used to power the electromagnet (Ag-
ilent Technologies N5770A); it was about 0.9 G. This
step size in combination with the available magnetic /
MW field ranges resulted in about 1220 data points over
the 0 to 1100 G magnetic-field range (different ODMR
spectra for each magnetic field value).
The diamond sample was glued (using an adhesive
Electron Microscopy Sciences CRYSTALBOND 509) to a
custom-made microwave wire (an “omega”-shaped sput-
tered copper trace, about 1 mm in diameter) etched
on top of a microscope glass slide that was attached
to the sample holder. The green light was generated
by a laser (532 nm, Coherent Verdi, Nd:YAG) and de-
livered to the experimental device using a single-mode
optical fiber (Thorlabs 460HP). The laser power den-
sity that was delivered to the sample was approximately
3 kW/cm2, as determined by the laser spot size on the
sample (≈ 100 µm) and the laser power (≈ 200 mW)
delivered to the experimental device.
The collected red fluorescence was filtered using a red
longpass filter (Thorlabs FEL0600) and focused onto an
amplified photodiode (Thorlabs PDA36A-EC). The sig-
nals were recorded and averaged on a digital oscillo-
scope (Yokogawa DL6154). A microwave generator (SRS
SG386) in combination with a power amplifier (Minicir-
cuits ZVE-3W-83+) was used to generate the necessary
5microwaves (MW) over a frequency range of 2.5–6.0 GHz
for the mS = 0 −→ mS = +1 NV ground-state transi-
tion.
V. RESULTS AND DISCUSSION
The nuclear spin polarization was determined from
the ODMR signals at every magnetic field value [Fig.
3(a),(b),(d),(e)], by fitting the experimental signals
(black dots) with a modelled ODMR curve (red curve),
which is a sum of Lorentzian curves whose central fre-
quencies are located at the hyperfine transition frequen-
cies νi. The resonance amplitudes ti of the OMDR signal
can be expressed as a product of transition probabilities
pi and relative populations Ni(mI) of the hyperfine basis
states mI : ti = piNi(mI).
The hyperfine-level transition frequencies νi and tran-
sition probabilities pi were calculated from the eigenval-
ues and eigenfunctions of the ground-state Hamiltonian,
Eq. (1), taking into account the selection rules for MW
transitions ∆mS = ±1 and ∆mI = 0. This approach
allowed us to calculate the shape of the ODMR signals
also at the GSLAC (Fig. 5), where the hyperfine levels
are heavily mixed [22]. The transition amplitudes be-
tween individual hyperfine components were modified by
a fitting parameter Ni(mI), which corresponds to the
relative population of the hyperfine basis state mI .
By fitting the experimental ODMR signal with this
curve, we were able to determine the following param-
eters: individual Lorentzian resonance width (equal for
all components), nuclear spin polarization, and magnetic
field angle (magnetic field misalignment).
The experimental nuclear spin polarization of 14N was
determined using the fitted relative populations of the
hyperfine basis states:
Pexp =
∑
imINi(mI)
I
∑
iNi(mI)
, (6)
where the summation was performed over all of the fit-
ted resonances of the experimental ODMR signal, mI
is the nuclear-spin projection of the basis states and I
is the nuclear spin. For magnetic field values far from
the GSLAC, three hyperfine transitions were observed, so
that each of the basis states of mI corresponds to a single
transition. If the ground-state |mS = 0〉 and |ms = −1〉
states undergo mixing, there are more than three allowed
hyperfine transitions [Fig. 3(e)], but from the hyperfine-
interaction Hamiltonian, we can determine which base
states |mS ,mI〉 are involved. The sum of resonance am-
plitudes of each of the basis states corresponds to the rel-
ative population of the basis state, which allowed us to
compare directly the experimentally determined nuclear
spin polarization Eq. (6) with the theoretically calculated
nuclear spin polarization Eq. (5).
At a magnetic field value of around 20 G [Fig. 3(b)] the
amplitudes of three distinct hyperfine-transition compo-
nents are almost equal, indicating a low 14N nuclear spin
polarization. At a magnetic field close to the ESLAC
[Fig. 3(a)] the contrast of the ODMR signal is around
three times larger due to nuclear spin polarization, and
there is one dominant resonance transition. The popula-
tion accumulation in this one resonance transition corre-
sponds to a high 14N nuclear spin polarization of 96±2%.
The diamond crystal consists mostly of 12C, an isotope
with zero nuclear spin, but 1.1% of the carbon atoms be-
long to the 13C isotope. As the nuclear spin of 13C is
IC13 = 1/2, it interacts with the electronic spin of the NV
center, leading to an extra feature next to the main peak
in the ODMR signal [see Fig. 3(a)]. The 13C interaction
strength depends on its position in regard to the NV
center [39–42]. Owing to the symmetry of the diamond
crystal, the nearest 13C nucleus in the crystal lattice can
have 3 equivalent positions and its hyperfine interaction
strength is Ahfs = 130 MHz. Although the interaction
strength of these 13C nuclei allows these transitions to
be resolved, the feature is too small to be observed in
the experiment. The next closest families of possible 13C
lattice sites have 3 and 6 equivalent positions with hyper-
fine interaction strengths of 12.8 and 13.8 MHz [42, 43],
respectively. The feature that comes from these 13C nu-
clei is clearly seen in the ODMR signal to the right of
the main peak [see Fig. 3(a)]. The hyperfine interaction
of other 13C nuclei that are located at lattice sites fur-
ther from the NV center is smaller than 10 MHz. The
transition peaks from these sites are not resolved in our
ODMR signals.
The nuclear spin polarization was measured in a mag-
netic field range from 0 to 1100 G, which includes both
the ESLAC and the GSLAC field regions [Fig. 3(c)]. At
512 G there is a drop in polarization due to the res-
onant interaction of the NV center with substitutional
nitrogen in the lattice of the diamond crystal and cross-
relaxation between the NV center and substitutional ni-
trogen [23, 44, 45]. At around 590 G the ground-state
transition energy of the NV centers whose principal axis
is parallel to the B direction matches the ground-state
transition energy of the NV centers of the other three pos-
sible NV-axis orientations in the diamond crystal. Due
to C3v symmetry, these directions are equivalent, and the
NV centers’ principal axis and magnetic field direction B
form an 109.47◦ angle. The energy matching and cross-
relaxation at this magnetic field value contribute to the
drop in the nuclear spin polarization [46]. The decrease in
polarization around 200 G occurs due to cross-relaxation
between the NV center and other unknown paramagnetic
defect centers in the crystal [46–48].
Our analysis shows that even a very small angle be-
tween the magnetic field direction and the NV center axis
strongly influences the nuclear spin polarization near the
GSLAC. This happens because the transverse magnetic
field introduces additional level mixing, which strongly
modifies the polarization process. The solid curves in
Fig. 3(c) are calculated for different magnetic field angles.
It can be seen that the GSLAC magnetic-field region is
much more sensitive to magnetic field misalignment: for
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FIG. 3: (a), (b), (d), (e): ODMR signals at individual magnetic field values. (c): Experimental (blue dots, each representing
one ODMR measurement) and theoretical (solid curves) nuclear spin polarization as a function of magnetic field. A more
significant change depending on the angle can be seen at the GSLAC region rather than the ESLAC. Pumping rate for
theoretical calculations was Γp = 5 MHz. The experimental ODMR curve fit determined that the magnetic field angle θ = 0.2
◦,
which is in good agreement with the calculated curve at magnetic field angle θ = 0.2◦.
an angle as small as 0.2◦, the nuclear spin polarization is
destroyed at the GSLAC while at the ESLAC magnetic
field region only a small dip occurs for an angle as large
as 1◦. Fig. 4(a) shows a theoretical calculation of the nu-
clear spin polarization for magnetic field angles ranging
from θ = 0◦ to θ = 0.46◦ near the GSLAC. While polar-
ization near the ESLAC (512 G) [Fig. 3(c)] is not affected
by such small angles because of the much stronger hy-
perfine interaction there [20, 30, 31], the polarization at
magnetic field values near the GSLAC (1024 G) is ∼85%
for θ = 0◦; it decreases significantly for θ = 0.11◦ and
approaches almost 0% for θ = 0.21◦. The experimen-
tal measurements of nuclear spin polarization show the
same dependence on the magnetic field angle [Fig. 4(b)]
as suggested by the theoretical calculations.
To align the principal axis of the NV center along the
external magnetic field direction, we used the ODMR
signals acquired at the GSLAC (Fig. 5). Our fitting pro-
cedure allowed us to determine the angle of the magnetic
field with a precision of 0.02◦. Perfect alignment [see
visualization in Fig. 5(f)] is achieved when the ODMR
signal consists of one group of peaks. Fig. 5(a) shows a
theoretical simulation of an ODMR signal for a 0◦ an-
gle between the NV axis and the magnetic field vector.
The nuclear spin polarization for this curve is 85%, as
determined from the Lindblad calculation [blue line in
Fig. 4(a)]. The Lorentzian width and other parameters
are the same as for the fitted curves. Fig. 5(b) shows
the ODMR signal for the best experimentally achieved
alignment with respect to the external magnetic field
direction, which corresponds to 0.11◦. Increasing the
angle between the NV axis and the external magnetic
field direction [see visualization in Fig. 5(g)] causes the
ODMR structure to transform into two groups of peaks,
which is explained by the mixing of the |mS = 0〉 and
|mS = −1〉 energy levels, which are energetically close
at the GSLAC point. At angles between 0.21◦ and 0.46◦
two distinct groups of peaks can be seen in the ODMR
signal [Fig. 5(c)–(e)].
The spin-strain interaction [24–27] can cause a sim-
ilar effect to the transverse magnetic field. A trans-
verse strain component Nx leads to coupling between the
ms = 0 and ms = ±1 levels [see Eq. (1)]. At the GSLAC,
where the energy difference between levels ms = 0 and
ms = −1 is small, the ground-state strain component Ngx
gives a result similar to what would be expected from a
transverse magnetic field (see Fig. 6). The influence of
the ground-state strain Ngx was investigated by theoret-
ical calculations. As the ground-state stain values are
typically few megahertz, while the excited-state strain is
a few tens of megahertz [29, 49], the excited-state strain
was set to Nex = 10N
g
x in the calculations. The strain
present in the crystal could be the reason that prevents
achieving an experimental ODMR signal as Fig. 5(a).
Since strain affects the nuclear spin polarization, this also
could be the reason for not achieving high polarization
at the GSLAC.
Nuclear spin polarization at the GSLAC is also sensi-
tive to the pumping laser power, which corresponds to
the pumping rate Γp in the model. Fig. 7 shows the cal-
culated nuclear spin polarization for different pumping
rates for a magnetic field angle θ = 0.2◦. Increasing the
pumping rate would increase the polarization, whereas
increasing the strain tends to decrease the polarization
(see Fig. 6). Therefore, the two effects can be decoupled
in the theoretical fitting procedure to some extent.
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FIG. 4: (a) Theoretical nuclear spin polarization around the
GSLAC for different magnetic field angles θ. The pumping
rate for the numerical calculations was Γp = 5 MHz. (b)
Experimental nuclear spin polarization at the GSLAC for dif-
ferent magnetic field angles θ.
VI. CONCLUSIONS
As was discussed in the Introduction, dynamic nuclear
spin polarization attracts attention not only as an aca-
demically interesting effect that takes place in NV cen-
ters in diamond crystals in the vicinity of the ESLAC and
GSLAC, but it also plays an important role in different
applications with potential for quantum technologies [50]
and as a way to strongly enhance the sensitivity of NMR
methods. In this study we used the ODMR technique to
measure the dynamic nuclear spin polarization of nitro-
gen, which is part of the NV center, over a broad range
of magnetic field values that included both the ESLAC
at 512 G and GSLAC at 1024 G. We measured the am-
plitudes of ODMR signal peaks and compared the results
of these measurements with a theoretical model to deter-
mine the nuclear spin polarization.
These measurements show that with optimal magnetic
field alignment a very large (>80%, up to 96 ± 2%) nu-
clear spin polarization of nitrogen can be achieved over a
very broad range of magnetic field starting from around
400 G up to magnetic field values that substantially ex-
ceed the GSLAC at 1024 G. It appears that the DNP of
nitrogen is very sensitive to a number of factors. Even
a slight misalignment between the applied magnetic field
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FIG. 5: Left: ODMR signals at the GSLAC (1024 G) for
different angles between the magnetic field and the NV axis;
(a) shows the theoretical ODMR signal, whereas (b), (c), (d),
and (e) show experimental (black dots) and fitted (red curve)
ODMR signals. Right: representations of the external mag-
netic field direction with respect to the NV center’s axis (f)
for no transverse magnetic field or (g) a visually exaggerated
transverse magnetic field. Plot (a) corresponds to the geom-
etry shown in (f); plots (c), (d) and (e) correspond to the
geometry shown in (g).
direction and the axis of the NV center by less than 0.1◦
can almost completely destroy the nuclear spin polariza-
tion in the vicinity of the GSLAC (Fig. 4). Moreover, in
the bulk sample with many NV centers, which, perhaps
due to strain in the crystal, can have slightly different ori-
entations of their axis, such perfect alignment between
the magnetic field and the axis of the NV centers was
not possible to achieve with the diamond sample that we
used (Fig. 6).
The results obtained in this paper shed light on the
less-studied nuclear spin polarization, in particular in the
GSLAC region. The results were obtained using a sim-
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FIG. 6: Theoretical nuclear spin polarization around the
GSLAC for different transverse strain Nx values. The pump-
ing rate in the numerical calculations was Γp = 5 MHz. The
excited-state strain was set to Nex = 10N
g
x .
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FIG. 7: Theoretical nuclear spin polarization around the
GSLAC at different pumping rate Γp values for θ = 0.2
◦.
ple method that permits the evaluation of nuclear spin
polarization in a rather complex level-crossing situation.
The results should contribute to a better understanding
of DNP processes in NV centers, which can make NV
applications more efficient.
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